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INTRODUCTION: 

This project entitled "Physical Limitations of Life", Contract Number 

NaSr-244, commenced June 1, 1964. The stated purpose w a s  to collect, assemble 

and collate data on physical limitations of life processes in order to establish the 

major physical boundaries within which simple life forms may exist in extra- 

terrestrial  environments. This study is essentially restricted to microorganisms , 

including bacteria, molds, yeasts, algae, and certain symbiotic forms such as 

lichens. Although at  this writing no absolute and conclusive evidence exists that 

life or life-like systems exist on other planets besides earth, statistics argue in 

favor of extra-terrestrial  life. One estimate places planets in the universe 

that resemble earth and which could support earth-like life systems. 

Proof for the existence of a n y  entity based on statistics alone is always 

subject t o  criticism unless the statistical treatment is backed up by considerable 

experimental and observational data. The possible ut i l i ty  of this study , therefort., 

is to provide factual data on environments which might support or,  at least do not 

exclude simple life systems. 

The biosphere of the planet earth is made up of a great number of ecolog- 

ical zones, each of which, by v i r tue  of their particular environmental paramett>rs, 

support a specialized life system. Microorganisms a r e  the most versatile d all 

living entities insofar as their ability to adapt to a great variety of environmental 

conditions. It is a strange paradox that microorganisms, considered the simplest 
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forms  of life, are the closest competitors to man in their ability to change their 

environment and themselves for  their own welfare  and survival. In some 

respects they excel man's efforts in this direction. 

to appear on earth and probably will be the last to leave the earth when the solar 

system runs down. The great majority of plants and animals making up the 

evolutionary scale between microorganisms and man have little ability to adjust 

to a changing environment or  to change their environment for their own survival. 

They w e r e  the first forms 

Like modern man, microorganisms are a powerful geologic force in 

the i r  ability to affect the earth's superficial surface and atmosphere. 

position of the sedimentary materials and the atmosphere of this planet would 

he quite different i f  microorganisms had  never existed. 

are apparently essential for all forms of life, forests and other vegetation would 

also be non-existent and the general topography of earth would necessarily be 

different. 

The com- 

Since microorganisms 

The physical manifestations of life on this planet should be apparent to 

an observer equipped with modern instruments on moon or  mars ,  or  an artificial 

satellite quite far in our solar system space. If only microorganisms and other 

simple forms of life existed on earth, their  existence should be detectable from 

a distance in space because of changes produced in the chemical composition of 

the earth's surface. 

A knowledge of the great variety of geochemical processes catalyzed by 

microorganisms should provide means of determining whether simple life does 

o r  has existed on near planets with powerful analytical telescopes and on distant 

planets with instrumented unmanned satellites. It is considered desirable, 
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therefore, 

accurate interpref.tbu d erl.tiaq pochemicrl and geophysicd features on 

other phlwt8. rt would lm desirable to a, for example, whether the 

tht. 8bdy  to provide such information that WUUM lead to more 

I 

I w 
I preoent Martian atmoqhere reflectr an ancient or exietiw biocatrlytic 

activity . 
a immediate concern to our npace program are possible undeclirable 

effects reodting from "germ" COntuainrrtiOn ol other planet. introduced by 

our space vehicles. Again, more detailed knowledge of the physical para- 

meters in which microorganismo survive or thrive should assist our decon- 

tamination program . 
Another utility ot t h i s  study is to provide information for closed space 

habitahility system.. A more complete knowledge Ot the chemical potential 

and physical limitatiozu of microorganisms will provide more definitive guide- 

lines for future research programs in this area, as well as discourage "blind 

alley" research doomed to failure because of inherent biological limitations. 

The modus operandi ia to establish a framework of reference upon which 

to build all available information on the interaction between microorganisms 

and their environment. Thia approach envisions two sets of tabler for eaey 

reference. me set will  list the chemical and physical changes produced in the 

environment as a result of microbiological activity. The other set will l i s t  

the physical environmental limitation8 of microbiological activity and survival. 

It w i l l  be obviow to my inveetigator who has gone into this subject that 

there is now 8 very large Sund of published information avrileble, and that data 

from present remearch programr ir coming in a t  an accelerated rate. The 
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matter of evaluation b e C O m ~  of critical import.nce when attempt io 

ma& to distill fram thia mass of information the ecsencIal facta without 

creating emQE60W idhU. For errmple, to report that 8 certain spore- 

r forming bacterium mrvived autoclevlng at 120' C for eiX  hour^ would be 

misleadipg unlese rigorow examination of the 

would rule out insulation effects. It is understood, therefore, that a 

supporting bibliography w i l l  be essential for 8 proper evaluation of the 

tabulated data. Further, it i8 recognized that this study is merely an attempt 

to encourage a systematic gathering OC information useful for space research 

in the biological eciences. Ideally, to maintain a fa i r ly  complete and up-to- 

date set of tables a0 described above, a panel of experts would be needed 

who could monitor the research findings of the nearly 200,000 biologists ex- 

isting in the world today. The most modern information gathering procedures 

would also be necessary, including automatic data processing. 

rimental conditions 
* J' .1 

GENERAL: 

The objective6 discussed in the foregoing section can be resolved into 

two quemticmu; (U Uader what conditions may life exist? and (2) What visible 

or measurable condition. reflect life? It ia obvious that answers to the first 

question &odd provide d u e a  for the second. For  this reason, the initial 

phase of this study wa. concerned primarily with delineating major boundaries 

of simple life system8 in terme of the more critical physical limitations. 

A logical etarting point for this study would be that of defining a living 

syotem . As most biologists realize , this i l p  not a simple m tter . As one 
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I .  

capcept oi life a w r  t k t  the pecret Uer in the nucleic 
* .  

acids, since them c o m p o d r  are preaent in al l  living cells Ad h;r& the 

(3) direct energy. This definition i a  anly partidly aatbfactay for we f i n d  

in inorganic material8 a memory system of 8orto md a self replication 

mechanism (inorganic crystalline growth, nucleation effects of coacervates, 

etc.) To a degree, the specific action of inorganic catalyete is one of directing 

energy. 

Since, at the preoent writing, no definition of life appears entirely sat- 

isfactory, for the purpose 0t thia study it w i l l  be considered adequate i f  

earth-typelife io cotlceived a8 a eyotem which c o n t a i ~  active nucleic acida 

and enzymes. The term earth-type i o  underocored because 0t the poosible 

existence of extara terrestr ia l  life-like syuteme of mother type. It is also 

recogn/zed that the chemical composition u€ the earth- life entity i. one 
2 

compoeed primarily of carbon, hydrogen, oxygen and nitrogen. 

Another point d distinction to be made during tbis study is that between 

what is considered dormant life and active, metabolic life. OD the one hand, 

information is be- collected on the essential cOcLdltlon8 for survival Of a c d  

under a variety d environmental coxUUom, and on the ather, con&tion~ 
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centigrrde. 
I 

An ope- factor wMch ale0 mtlot be colt.kbred in most a( the 

tempemhire m~ livkrg .yotemr witbut the time factor becumer meaningleam 

when we mw rrith a tirm range (in the pppce remuch program) from 

microsecondr to biLUona d yewe. Life may be codckred 8 temporary 

struggle qpizmt the entropy effect. The living proceer appears to refute 

certain thermodynamic h w r  for mhort period8 of time, but thip iia 8 loohg 

I battle. Tbs &&ny of life, simple or complex, i. to return to the disorganized 

or &ad rtato. IXaallowing eome p n t h r a p ~ m ~ r p h i ~  philolrophy at thi. point, it 

l is ruffici@ to camider 8 life Pyatern u 8 trawient impreadon on the entire 

co8mor. It would bo interesting to speculate, thcn, in thir 8tu% what impact 

life bar on the cosmoa, witbout the meddling influence of man. In otbar wordLI, 

I ing the univerre? Do dmpla life syetemr, am illwtrated by miclcoorganbmo, 
I 
I 

i appear to aerve any ui.elul pupom? 



thermodyrrPmic laws .  If this proves to be scientifically valid, it would appear to 
the 

suppordexistentialist school of philosophy. 

Of practical import, at least as €ar as this project is concerned, is the 

~ argument for a large number of populated planets in the universe. 

I Specific Physical Boundaries: 
I *  

A partial list is as follows: 

Water  
Essential elements 
Temperature 
Pressure 
Concentration and Osmotic effects 
Energy sources 
Thermodynamics of biological activity 
Protective mechanisms 
Radiation , ionizing and electromagnetic 
Magnetic and electrical effects 
Gravity 
Toxic chemicals 

The first three items can be considered the most crucial €or the existence 

of simple life forms. 

Water: The importance of water to life processes is well known. Water 

along w i t h  carbon and nitrogen is the chemical essence of life itself. W a t e r  has 

many peculiar physical properties, such as high surface tension, maxihum density 

of 4OC, minimum compressibility of 5OoC, but the more indispensable components 

for biological systems are its solvent properties and behavior i n  energy reactions. 

Since water is such a vital part of the living system, a great deal of re -  

search ha8 and is being conducted to determine the precise role this compound 

plays in biologic processes. 
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The peculiar phypicd &d chemical progertiee of wa te r  moet probably 

account f o r  molpr of the more well recognized manifeetatione of living cells 

such .o osmotic and diffudon effects, oxidatba reduction mechanisms, pH, 

ionizaticm and buffering effects, biologicel rhymtho, including vernal behavior, 

spore-vegetative  stage^, etc. Isotope studies Show that water  molecules a re  

split and reassembled at a high rate in  biologically active cells. The living 

cell ha6 the abuty to mobilize water into a lattice structure resembling 

liquid ice. T h h  ordered arrangement appears to be linked to energetic 

mechanisms of the cell and essential for bond cleavage of the w a t e r  molecule. 

Just how the living cell is ahle to orient water  molecules is not Clear. Some 

recent reeearch suggests that water  orientation results from proton concen- 

tration. Protons at high concentrations have been demonstrated to exert a 

strong orienting effect in ice formation. 

Ice structure studies may provide important information on life mechanisms. 

For example, recent studies by Senftle and Thorpe at the Bureau of Standards on 

magnetic sueceptibility of ice, show that wa te r  from cancerous and non-cancerous 

cells of the same tissue (rat kidney) produce different forms of ice. Normal 

tissue water  produces hexaganal ice, while cancer tissue water produces amorphous 

ice. The hexagonal ice is more paramagnetic and the amorphous ice, more dia- 

magnetic. A possible explanation for the difference in magnetic susceptibility 

iS that the amorphoue ice d cancer cells adsorbe more oxygen than the hexa- 

gonal ice, reflecting a larger percentage of unshared electrons in  amorphous ice, 

which, in turn, indicate a breakdown d water  molecule orientation. 
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the structure of ice on otber plraeto prod& Juer f o r  th e-ce d certain 

life forma? 

OI mare practical and perhrpr PI)OIPO immediate concern for tbe apace 

program, are the premervatire propertierr of ice on living cells. Tbe optimum 

method. of freezing living cella for proloaged otorage is me of the more im- 

portant objective. in cryogenic reoeuch. Mort c6ll -age resulting from 

freezing appearrr bo be the result d the formation of 

and also the concentration d 4olutee1 that accompany ice formation. There is 

intracellular crystalrr 

a great deal of variation among types of cells as to their ability to survive the 

freezing process. Much of the variability may simply reflect the method of 

freezing rather than the cells abmlute ability to survive in the frozen state. 

The rapid improvement in technology OC preserving cells by freezing 

has led to some aptimistic predictions €or the survival time of living organisms. 

One author (Ettinger, R.C.W. "The Prospect d Immortality", Doubleday & 

Co., 1964) ha6 predicted that man himself may be preserved indefinitely in the 

frozen atate. Thia poseibility, of course, ia of coneiderable importance for 

extended time space flights. 

Although the effect of freezing on higher animala io not within th scope 

o( this project, the fact that such higher animals 99 hamsters and mice have 

been succeasfully frozen and thawed ehould indicate that most, if not vfrtuplly 

all, microorganismu can survive free-. 

The rde  d water in freeze drying methods io amther upect important 

to cell preroervatbn. lipnin, technique io  critkal, but it &ea appepr that many 
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long pertodm of h a  in a frocar ub desoicrted atah. €@march into improved 

medium edmaco m v i v a l  to frwm d q h g  by pro- aprotective mechaniom. 

The pre- nature of the protective rnechanhmo is na4 kpoan, although it is 

sumpected tbat mveral factor0 are involved includkrq reductton of undeoirable 

concentrater, pH ahift and large ica crystal  f a r m ~ n ,  The effect ol h a z i n g  

and deraic8tlna an rrdiatbn dunage to living cell0 iP .pother important factor 

in long time survival of living cell8 in outer apace or on other plurstr. According 

to some invemtigatora the probability of lethal radhttm damage mitigotea agpinot 

the panopermia idea. Mechanical berriero, such a8 would be afforded il micro- 

orgMiomo were inside meteor8 or meteor fragments, would mcreen out much 

d the radiam, but thh poemible mode of -ace travel for microacganbmo ia 

not conoidered b e  BQme an the pmspermk concept. 

Tbe prognoeie for loag tima purvival o( living ceila in me frozen utate or 

the deaoicated, low temperahme mtats must COLlolbBr thermodynamic 8ctivity. 

There i m  some evidenco t h t  there may be contiaoru thermog.nsimic activity 

in cella at reduced temperatun down W that ot licpJd nitrgep (-lQoc), suob 

actidty virtuJr;l ~ar-- i  at tmmperaturea do+e to Uqrrid hiiurn ( -MsC) .  Mare 

research ir needed to arJp down tMa h i -  factor. 



The extent to which other external phyeiml forcea besidee temperature 

affect the behavior and structure of water in the living cell is only p m y  

understood at this writing. It ia w e l l  known that infra red radiation haa a 

marked effect on the stretching and twisting of O-H bonds. Changes in ITP ss 

of the hydrogen atom by substitution of deuterium or tritium alter the bond 

cleavage rate of hydrogen bonds with oxygen and other atoms a s  indicated in  

the table below. 

Bond Cleavage Rates at 25OC 
Based on Absolute-Rate Theory 

C-H 7 
C-D 
- 

N-H 
N-D - - 9 8.5 

0-H - 10.6 
0 - D  - 

A number of biological processes appear 

m a s s  of the hydrogen atoms in water. Some a re  

to be influenced by a change in  

listed in the following table: 

Some Biological Effects of Deuterium 

Toxic to mice and higher animals at concentrations 
above 25-3070 D20 

Low concentrations of D20 decrease sensitivity of mice 
to X irradiation. 

Injection of D20 into host mice reduced growth rates of 
Krebs-2 as cites tumors and P-1534 lymphatic leukemia 

Deuterium slowly fixed in stable positions of compounds 
present in t i s s u e s  

Selective fractionation by 8ome microorganisms 

Most biological enzymes exhibit reduced activity 

Some biological enzyme a exhibit accelerated activity 

11 
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Since a change i n  mass of one of the atoms of the water  molecule results 

in marked alteration in biologic systems, th is  phenomenon poses some interesting 

questions and speculations. F o r  example, by definition mass can be considered 

an inertial effect as wel l  a6 a density effect. Any external force which can change 

the apparent inertia of an atom would effectively change its  mas^. Thru the 

application d forces of acceleration, magnetic or electric fields situations can 

be produced on bodies in which the apparent inertia can be increased or decreased. 

W k t  would be the effect on biologic systems? The point of this discussion is 

that any environmental condition that might affect the physical properties of the 

liquid water molecule might also be expected to affect biologic processes. Space 

vehicles and other planets may be exposed to such environmental conditions not 

normally occurring on earth. 

Essential mements: The essential elements necessary for life may be 

broken down into three categories as follows: 

Minor Trace - Mejor 

Carbon Potassium Germanium 

W g e n  Iron Beryllium 
Nitrogen cobalt Cadmium 
Phosphorus Calcium Cesium 

sulfur Cerium 

Hydrogen Magnesium Galliuium 

Lanthamum 
Thorium 
zirconium 

sodium 
Chlorine 
Iodine 
Bromine 
Flourine 
Silicon 
Boron 
Lithium 
Barium 

Strontium 
Manganese 
Copper 
Zinc 
Tin 
Aluminum 
Rubidium 
Lead 
Nidle 

Mercury 
Arsenic 
Selenium 
Thallium 
Titanium 
Silver 
Molybdemur 
Vanadium 
Radium 

The major and minor elements are known to be essential for nearly all 

forms of life. The trace elements have been reported in various concentrations 

as ocourring in plart0.  and animals, but the precise role of many of these elements 
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in biologic function is unknown, The three groupings are somewhat arbitrary 

and a r e  arranged more o r  lees i n  terms nZ relative c~acer . e~ t ion  micro- 

organisms and simple cell system@. The trace element list may be considered 

as partial. 

Besides the list of essential elements, it may be useful to consider a 

l is t  of eseential compounds and ions. Thus, microorganisms requiring carbon 

dioxide for growth, may not be able to use the carbon i f  in the form OC graphite 

or  diamond, nor the oxygen i f  the only form available is i n  silicate. (This 

latter would not necessarily hold if it  turns  out that there exists a silicon 

organic system analagous to the carbon organic system on some other planet.) 

A comprehensive l is t  of compounds known to be essential €or all species of 

microorganisms would be quite large and would require a rather exhausting 

screening of the published literature. As an illustration, the following table 

lists compounds found essential for growth of one bacterial species, Clostridium 

spor oge ne s : 

s-alanine 
s-valine 
s-leucine 
s-glycine 
1-proline 
s-aspartic acid 
s-serine 
s-methionine 
1-cystine 

s -phenylalanine 
1-tyrosine 
1-histidine 
1-lysine 
d-arginine 
1 -tryptophan 
thio glycolic acid 
magnesium sulfate 
ammonium phosphate 

Besides amino acids, various salts, buffering and poising agents, many 
microorganisms require vitvninee and miscellaneous growth factors, and 

of course, sources of energy such a8 sugars, lipids, alcohols, hydrocarbons, 

inorganic compounda in a reduced state, etc, Energy 80urces will be discussed 

under a separate section. At the present writing it does not appear feasible 

13 
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00 coniiiriict P t&e of m g a i ~  c~mpo.mds eseefitid fer L!X p e a t  variew 

of microorganhme known to exht on earth. It can be assumed that virtually 

a l l  naturally occufdng organic molecules are utilized by microorganisms of 

some kind. There may be occasions, however, where the consideration of specific 

organic molecules as a metabolite of microorganisms is warranted. For example, 

the detection of methane on some planet may direct attention to the possible pro- 

duction or utilization of this compound by methane producing or methane oxidizing 

microorganisms. Of course methane along with other hydrocarbons and amino 

acids can be produced abiogenically from inorganic compounds by electrical 

discharge or ultra violet radiation. O€ real interest to the matter of the origin 

of life and organic evolution would be the detection of complex organic molecules 

on other planets. Complex organic compounds in the absence of life would argue 

in favor of the Oparin theory of organic evolution. 

* 

One additional point in consideration of organic molecules is that such 

compounds in a very large variety a r e  required by the heterotrophic micro- 

organisms taken as a group. By definition these organisms cannot thrive in 

the absence of such compounds. Furthermore, the existence of heterotrophic 

microorganisms is virtually indicative of co-existing higher forms of plants and 

animals, since the latter fu rn i sh  the food requirements for the former . Heter- 

otroppa can be considered as organic scavengers. Without the more advance 

forms of life present, there would be nothing to scavenge. Again, a possible 

exception would be the situation where organic molecules might be continuously 

synthesized by abiogenic processes. Another possible exception would be that 

where autotrophs Qithotraphs and photosynthetic organisms) furnish the organic 
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matter to the Peterotropho , either thru metabolic excretions or autolysis. 

At thh time, of particular interest to space biologists is.the possible 

existence of life on Mars. From existing knowledge of the Martian environment, 

it seems more logical to assume that an autotrophic community, rather than a 

heterotrophic one, would dominate i f  life in any form exists there. For this 

reason more attention, insofar as consideration o€ essential elements and ions 

is concerned, w i l l  be given to autotrophic rather than heterotrophic life. 

Temperature: Temperature limitations for microorganisms have been 

fairly wel l  delineated. The maximum survival range lies between - 269C and 

+ 80C. For short time periods the upper limits approach 100C. The temperature 

range for growth andrctive metabolism 3.8 much more restricted, with a minimum 

a few degrees above zero centigrade and a maximum around 70C. Although in 

recent years considerable attention has been devoted to the study of psychro- 

- 

philic (cold-loving) and thermophilic (warm-loving) microorganisms , there 

appears to be no striking evidence that the temperature ranges’ cited above may 

be greatly exceeded by discovery of new adaptable organisms. Thermodynamic 

restrictions and protein denaturation have just about nailed down the upper 

limits, while the lower limits a r e  just a few degrees above abeolute zero. 

Where large fluctuations o€ temperature occur, on the lunar surface for example, 

it is the high temperatures which become limiting to microbial life in such 

exotic environments. 

maximum for some microorganisms may be slightly elevated by increasing the 

ambient preseure or  thru supplying v a r i o u ~  additives to lhe culture medium. 

There is some exqerimental evidence that the temperature 

%.tide from raising the boiling point or reducing the vapor pressure, the addatives 
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may SLLLUI ---A u a p!qysic~-chPmiCd protection S i X ~ i k r  to the protective colloid 

effect. At m y  rate, it does not appear likely that the upper l imits of the 

temperature maxima now established for many thermophilic forms w i l l  be 

greatly exceeded in the future. 

Perhaps of more interest  from a space research point of view is 

the consideration of insulation effects afforded by natural environmental con- 

ditions. What are the diurnal temperature fluctuations a few feet below the 

lunar surface? In general, it may be assumBd that fluctuations between ex- 

tremes of hot and cold temperatures over relatively short periods of time 

are more conducive to life adaptation than prolonged periods of extreme temp- 

erature. Although the heat capacity of most minerals is not as high as water ,  

considerable protection from extreme surface temperature fluctuations should 

be provided by this thermoregulating effect jus t  below the surface of Earth's 

Moon . 

. 

The plamt Venuo, like the Moon, appears quite marginal for life, 

largely because of it8 high surface temperature. Again, however, insulation 

and thermodynamic processes, such as gas expansion, may provide localized 

environments where the temperaturea are more conducive for earth-type life. 

Plhe equatorial region of Maro appearn to be more euit_able for.earlh- 

type life insofar a8 temperature ie involved than either Moon or Venus. The 

surface temperature in thin region may reach 25OC during day-t home, 

an excellent temperature for the trowth of many microorganism. Data from 

land-based experiments simulating Martian diurnal temperature fluctuations 

should provide an educated estimate of the Limiting effect of this parameter 
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on microbial grontb and rnetebdism. 

Pit :me: AIilmediate lnterelrt to ap.ca bidogirPt. fr tbo ability --- 
of microorgMismr to thrive in the Martian atmoephere. Tbs chemical 

composition is not well  defined at &tie writing, although there is evidence, 

some much diieputed, that water, caxbon dioxide, coanpoundo of nitrogen and 

poesibly others of carbon and €idfur  exist. Perhapa d greater importance for 

microbial life than the chemical conotituents, ir that a€ tha partial pressure 

of the otmosgliePic gases. The atmospheric preseure on Mars  icr very low 

and w k n  compared with that of earth, the concentration of the Martian gases 

can be considered as mere traces. 

I 

Earth-based experhento  have ohown that oonr microorganisms can 

eurvive in atmoepheree approaching a pure vacuum. Active metabolism in 

euch low preaaureo iP another story. Moisture loaaee and the distillation off 

af esslential volatiles are strongly limiting procescleo. There remains the not 

iuzlikely possibility of ecological niches below the Martian surface where the 

partial preseure of gasee may be conoerved and be more optimum for biological 

growtt.1. 

As for the upper limits of presoure, it is well  e8tabhhed that many 

microorganisme on Earth ohmetabohally active under thouoand. d atmoogheres 

of hybroetatlc presoure in Ocean depthr. Bed&* high at moapheric and hydrostptic 

pressures, there ia a oub-tial body of information in the publlehed literature 

indicating an unusual tolerance for growth or murvival by microorganisms in 

pure gaeer OT gas mixtures under high presaure which are not typical ot at- 

moophetic gases in cornpooition or relative proportion. Case6 or mixtures 

d gases containing hydrogen, metbane, carbon monoxide, hydrogen oulfSde 

17 



argon, neon, ammonia, oxide of nitrogen and others are tolerated by some 

microorganisms3 at hish ~resswes-  With the possible exceptions of 

some oxides of sulfur, few natural gases are universally lethal for micro- 

organisme at moderate and high pressures. 

Information is scanty on the effect of rapidly fluctuating pressures on 

microbial activity. It has been advanced by some investigators that pressure 

change rather than pressure per  se is more detrimental to metabolic activity. 

Concentration and Osmotic Effects: The majority of r r i c r o o r g d s m e  

are inhibited or  killed by concentrations of salts, sugars, acids, alkalis, and 

other solutes in  the aqueous m e b .  Many notable exceptions exist, however. 

A group of organisms called halophiles are characterized by their ability to 

l ive  in solutions of high salt concentrations. Several species of bacteria as 

well as higher organisms such as brine shrimp live in brine pools where the 

salts are i n  a saturated solution and are actually crystallizing out.  A bacterium, 

Thiobacillus thiooxidana, produces sulfuric acid from free sulfur and thrives in  

the acid medium. As a result of the oxidation’of sulfur  by this organism, the 

hydrogen ion concentration of the aqueous medium increases to a pH of 0.5 

or less. Microorganisms in general are l e s s  tolerant to extreme alkaline 

conditions than acid. However, there a r e  species which ferment urea to 

produce ammonia and others which inhabit brine pools, salterns and bitterns, 

able to tolerate alkaline solutions of around pH 10. The published literature 

does not reveal much information on alkaline tolerance. At the present 

writing the upper pH l imit  does not appear to extend much above 10. Some 

land-based research would be desirable to clarify this parameter. 
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A number of molda Werate  high cmcentrations of sugar and acid. 

~n h o p  culture, concentrated sugar acdutivea inhibit most vegetative micro- 

organism. becaum d 8dvarme oamotic effect.. 

taerplt Suurcer: A. rnentboed p r e v h d y ,  heterotrophic microorgMiem8 

can urn ao energy aourcea VlrtUrJly all ~ t u r p l l y  occurring organic moleculee. 

In thia study, however, empbrsla will be given to inorganic energy donora for 

microbiological procesoe 8. 

The Po-called autotrophs can obtain their energy from mn-organic 

BOUFC~B. A partial l iat  of energy system61 follow: 

1. Chemical 
2. Radiant 
3. Electrical 
4. Magnetic 
5. Thermal 
6 .  Mechanical 

Autotroph8 a re  known to use  the first two systems in direct energy 

convereion processee; the third, indirectly. Virtually no information is 

available on the remaining three. In recent years, there h e  been an in- 

creasing interest in the biological effects of magnetic fielda. Reeearch has  

been confined largely to effects on growth, function, behavior and influence 

on physical properties of plants, animala, microorganism8 and man. Although 

some remzarch haa been directed to the mmtter of energy tranafer mechanisms, 

the writer io not aware  d any publlobed information on energy convereion in 

biolo@cal cryotemo 80 mch. X t  io underatood, of courae, if energy conversion 

in biological cells can occur t h r u  the influence ol magnetic field., that either 

the field or tha cel l  muof b. ~lcillating with rePpect to each other for energy 
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to be produced. Thio dtuatbn h rrOi a =turd m e  on - t h e  Its p o s o ~ e  

occurrence oa other planets ha conaidered too speculative for serioua con- 

sideration at this time. A0 to the phyoiological, morphological and behavioral 

reepoaee of living cells to magnetic influences, this subject is recognized as 

an important research objective of the space program and w i l l  be considered later 

in thie report. 

L 

MicrooPrgsnisms make use of thermal energy sources far  their metab- 

alism, but not in a strict aen8e for energy conversion. The nearest known 

approldmation is that of the purple sulfur bacteria which utilize infrared radi- 

ation as an energy conversion source. However, only the short wave-length 

in the near infrared is wed for this process which places it in with the radia- 

tion category. 

Mechanical energy may be considered a ridiculous possibility because 

living cells don't contain wheels or levers. They do posses8 something akin 

to springs, however, such aa the protein helix used for motility. Some specu- 

lation has been given to the possible urn of high frequency sound or  ultrasonics 

as an energy conversion source. It i8 wel l  known that seneory organs in higher 

anknals, the lateral line in f i s h  and the ea r  in other vertebrates, convert mechan- 

ical energy to electrical or electrochemical energy in  the nervous system. 

Whether simple life forme can convert mechanical energy is quite unknown at 

thio time. There is evidence that some 6-e-celled forms can sense pressure 

change., but thicl phenomenon ie not d e a r l y  recognized aa an energy conversion 

mechaniemu. 
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It is kaown that electrical enerm cu bo umd h d i r a ~  by micro- 

m m m e  0s a primary aaurce lor me- pm~eama. Gidvmic icutioo~ 

in the aoil or wate r  which produce hydrogen thru tbs electrolJltfc diomcietion 

of water  f u r n i e  the e- for chemical oonverslon to a large group of micro- 

organisms, both aerobe. and anaerober, known callectively u hydrogen- 

utilizing microorganismcr. Thie group is preenf ly  under h v e d @ i o n  for 

porsible applicationm in closeci-space habitabi3.i~ programs. 30- studiecr 

have been conducted on the direct conversion of electrical to chemical energy 

by microorgani8ms. M o d  of thb work hap been done in connecdon with tho 

development of the biochemical fuel cell. Bacteria have been obrerved 

growing on the eurface d electrodee immereed in a simple electrolyte, ~ u c h  

as a dilute solution of oodium chloride. The only apparent emrgy BOUFC~ waa 

electric current. The current density was below -- h 

trolysis of water. One possible explanation af this obaervatbn io that the 

microorganisms, thru some unknown catalytic action, were able to reduce 

the activation energy at the electrode surface which enabled the electrolytic 

dissociation of water  at lower current densities than the theoretical. Whether 

w a t e r  dissochtion, if this in fact took place, occurred internal or external 

to the cell walp not determined. The lack of visible hydrogen bubbler euggeets 

an internnl mechanisms, although it ie quite poodhle that the microorganiamo 

could conaume the molecular hydrogen ar rapidly aa it WUI being produced. 

Such an explanation h m  been given for the observation d a large microbial 

population d hydrogen - utili4ero ericrtiry in marine eredimenu where IY) free 

hydrogen has been detected. An h t e r e u t h g  8i-t on the e j e c t  ot electrical 
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t';+: c*t.- i t  b' I I  v*oorganisms is the probable exrstence of eiectronic anaiogo 

i n  tnic:i-obial cells . Various organic m a t e r i a l s  exhibit semi-conductor proper- 

ties. Certain cyclic biochemical processes contain enzymatic steps where 

. 
the organic molecules behave as n and p type transistors. The high energy 

phosphate bonds behave as condensors and capacitors. The field of cyber- 

netics which sparked the rapid development of computers and other thinking 

machines points the way to the eventual development of an electronic machine 

capable of reproducing itself; in effect, a n  artificial live cell. (Norbert 

Wiener, 'bod and Golem, Inc." M.I.T. Press ,  1964) 

Chemical and radiant energy are considered traMoriPJly a s  being the 

principal Bources for energy conversion by biological s y s t e m s .  Skeleton 

tables of these energy sources for antotrophic metabolism a re  presented as 

follows : 

Sources of Chemical Enernv 

Hydrogen 
Reduced iron 
Free and reduced su l fur  
Hydrocarbons 
Ammonia 
Other reduced metals? 

Sources of Radiant Enerev 

Sunlight 
Infrared 
Ultraviolet ? 
Weak beta rays?  

In the two tables above, all the energy sow ces listed with the exception 

of those marked questionable a r e  known to provide energy  for direct energy 

conversion by microorganisms and other  biota. A great deal of published 
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literature is available. (LK may direct attention to (1) tb environmental 

conditions in  which such energy oourcea may be utilized, and (2) the 

occurrence of these energy bources on other planeta. It is anticipated 

that current research in these two areas wil l  provide m m e  anewers  

reasonably soon. As to the questionable energy sources, theme cannot 

be evaluated until suitable research projects are initiated. 

Thermodynamics of Biological Activity: Thermodynamic treatment of 

biologic processea should shed light on the following: (1) utilization of 

energy sourcea as yet unknown, (2) evolution of oimple life vatern. in 

non-Earth type model6 d exotic environments, (3) development of 

synthetic life systems, (4) physical parameters limiting life, e. g. 

temperature, preseure, concentration, etc. 

The proposal for this project conaidered silicon as a poosible 

substitute for carbon for a ailicon analog organic system. A simple 

thermodynamic comparison was presented, thua 

Si02 
-- 

so, 
co3 

-241 tal. 

-192 tal. 

-176 tal. 

-127 cal. 

showing that the free energy requirements for the reduction of a slicete 

is not much above sulfate and carbonate which are readily reduced by 

microorganisms. 

The fact that phosphate is used as an energy storage and 

energy transfer mechanisms by nearly all biologic cells suggests that 
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silicate may be ac t in ted  as W e l l .  Some hvestlgatorm ham p o r t a t e d  

that silane or silicane (m4) may be produced by microoeganismm. 

Some land-baaed research seems warranted to verify thia possibility. 

The theoretical possibility of evolution of life under 8 variety 

of environmental conditions, such as those on Mars, can be approached 

from a thermodynamic and statistical mechanical viewpoint. According 

to some opinions, living organisms can be treated as, and may perhaps 

be, nearer to open systems than to closed systems, the classical model. 

Such a concept provides for greater flexibility in the thermodynamic 

treatment of possible life on other planets. Since the classical approach 

considers the closed system, whereas  more recent opinions favor an 

open system, a compromise position would be to consider the microbial 

8 

cell and its immediate environment as a closed system. 

has interesfing possibilities. 

Such a concept 

(LK is the possible existence of a non- 

cellular life system where the immediate environmental matrix con- 

ta- the molecular and ionic components farm an eomential part ol the 

living mechanisms. In m m e  rerrpects thip uituation i. QpQlogoua to that 

of a virus particle inside a hoot cell. In the former case, the hoet cell 

is the immediate environment. The examhation of new thermodynamic 

concepts may aeoist in the eventual development of a -tic Me rymtem 

aa well am that of forecasting other type8 ol Me am other pkDets. 

del thio project progresmo, it ia anticipated that tbermodynuaic 

treatment will  provide uaeful intormation on the artaMliQr ot microorgwdmno, 

such a8 the limiting factoro invalved in thermal degredatlon of pratein, etc. 
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M0-m T#h rrrrbject berr been putidly treated above 

urvirr -om efhct. a d  the dimuadnn 01 watem. Tbe formation oc 

m m  by mic-qprriema emblem them orgadam. @ survive extreme 

entriroamental cmdithxm. However, wore formatba  b i t s  biochemical 

a&*. Until recently, eporer were  considered to be chemically 

dormant. A recea patent describes a fermentation proceem in which 

copidk or conid& spooer (commoaly called spores) p&ce compounds 

in an a,Queoup medium without resorting to the vegetative form. The 

matinuoUe catalytic convershn of one chemical substrate to other 

chemical products in this fermentation is evidence that al l  spores need 

not be biochemically inert. The interesting implication ia that sporea or 

other protected forms ol life may be active in adverse environments such 

an i a  believed to exist on Mars. 

Rodiotion: Ioslizing and electromagnetic radiationo , of particular im - 
portancs in tk space biology program , have been under intensive study 

in the pa& fifteen to twenty yeare, largely as a r e d t  of nuclear energy 

dsvelopment. More recently, opace fU&t programs h v e  focueed attention 

an the podble hrmful  effecta of natural rdiatiau in *ace on life , 

eqmtciallr mm. &fkrooqmi@m~, repreme- fundamental biologic 

bgeto,  are w e d  am c l i m r l l t o  for higher anixnals, Although it ia not 

within tbb mope ol this project to cODOider advunced life forms, experiments 
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A crude table of the effect of ehort-term radiation by particu- 

late and electromagnetic radiation, insofar as damage to single Earth- 

type cells can be considered, is presented below: 

Alpha - not critical 

X-rays - )I I 1  11 

Beta - not critical 
Gamma - dam€@Xlg within hIl&S 

0 

u v  
Cosmic rays 

damaging between 2,000 and 3,000 A 
unknown, but suspected 88 gene! destroyers 

The above list certainly require8 a d d i t i d  qualification: Dis- 

tance h;om radiation source, radiation barriers, condition of target, etc., 

should be stated for proper interpretation, and discrete numbers pro- 

vided to fence in these particular parameters. Also, it must be men- 

tioned, the situation conaidered here re fers  to autotroph8 existing in 

the superficial surface of Earth. The table sketched out above represents 

a rough approximation, requiring considerable refinement for practical 

use, and serves only as a guide for this project. 

Magnetic and Electrical Effects: A comprehensive treatment of the 

effect of magnetic influences on biological entities muet coneider quali- 

tative field response to include homogenouo and non-homogenoua, al- 

ternating and static, geomagnetic and non-geomagnetic f i e ldp ;  quantita- 

tive aspects based on field intensity, extending fram 0.5 gaus8, Earth's 

median, to thousands of gauss; time effects; p a r r  and drpmagmtic pro- 

perties of the response materia; and to include the specific biological 

components of a living cell. 

Biological reeponee to magnetic fiekb are becaming increas- 

ingly more evident. Examples include: orientatim effects (bird and 
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io quite cvbriaU. Howemr, them appeur to k a large futr-factor 

here. We know very little about the e u c t  mechdmnr which are in- 

vohed. Che aspect ol magnetism that tbip writer i. impreomd ~ U I ,  
* 

inrolar M simple life is concerned, is thnt &re ia nu capvtnw sol- 

dence that biological procescser can be 8-d or dertropd by mrgastic 

fielda, whether they be -tic or alternating. Fos UUY time being, t h i m  

look8 like a paredox, for there are few phyaical parameters which, 

taken to extremes, can not neutralize a bitdogid process. Gravity 

may be one of theme. 

The influence ol electrical fUdm or current. on pimple cella 

ir d m  not dearly ~a~dercstood. However, it i. poadble to "electrocute" 

apparently refrrctivo $0 r largo electric charm. Electric flah CUI 

generots puber d current of SO Pmperer PILd mora thrn boo rdt.. It 



- J  

lP  

uou.rlly pounded. At rate, it can k a s s u m d  th t  detrhonfel 

eisctricai &e& at Udiig caU b e  wjmggijt &e -nra 

are such that a change in chemiotry, per-. with the prodrctbn of 

free radiccrlo, in the envirenmemt b e c a m e  lethal bo life proceeser. 

Gravity: A big questinn mark i a  rckaaaledged k u d a r  am our underPtanding 

of gravitational influences on simple cello is concerned. Theoretically, 

gravity haa a range from zero to a very large number. 

There does not appear to be subetanthl experimental evidence 

to support a concept ?hat gravitational field0 of any msgnituW will limit 

eimple life syetems. Perhapa Bane theoretical, coneideratkme might 

indicate otherwise. It is acknowledged, however, that gravity affects 

physfdogical procesroee, but not to the extent that W e  becomes impoaeible. 

Toxic Chemicals: Many chemical element6 and cornpando are inimical 

with the living cell. A table listing these materials would be quite large, 

and perh4m not very useful. This category d physical Umitatbns 

should, foc practical cowi&rafi#1a, be cturtined to epecific situathna, 

a8 for example, the posaible toxic properties of tbe Martian atmosphere. 

It is  anticipated that current Otudiero on spectral W y s e a  by telemope 

and planned fly-by space-probe experherto  will  provkh 8 more defw- 

tive picture of the actual canpooitiOn of the Martbaa otmoephere. A 

desirable objective o( tbIs ptue would be to liet basic prindpler d 

toxic action on aimple life eyutem~.  "his ir a te-, and relatively 

unknown field, Wte many other6 in our pursuit of tht secret  of M e .  


